Inhibition of phytoplankton by allelochemicals released by submerged macrophytes is supposed to be one of the mechanisms that contribute to the stabilisation of clear-water states in shallow lakes. The relevance of this process at ecosystem level, however, is debated because in situ evidence is difficult to achieve. Our literature review indicates that allelopathically active species such as Myriophyllum, Ceratophyllum, Elodea and Najas or certain charophytes are among the most frequent submerged macrophytes in temperate shallow lakes. The most common experimental approach for allelopathic interference between macrophytes and phytoplankton has been the use of plant extracts or purified plant compounds. Final evidence, however, requires combination with more realistic in situ experiments. Such investigations have successfully been performed with selected species. In situ allelopathic activity is also influenced by the fact that phytoplankton species exhibit differential sensitivity against allelochemicals both between and within major taxonomic groups such as diatoms, cyanobacteria and chlorophytes. In general, epiphytic species apparently are less sensitive towards allelochemicals than phytoplankton despite living closely attached to the plants and being of key importance for macrophyte growth due to their shading. Light and nutrient availability potentially influence the sensitivity of target algae and cyanobacteria. Whether or not additional stressors such as nutrient limitation enhance or dampen allelopathic interactions still has to be clarified. We strongly propose allelopathy as an important mechanism in the interaction between submerged macrophytes and phytoplankton in shallow lakes based on the frequent occurrence of active species and the knowledge of potential target species. The role of allelopathy interfering with epiphyton development is less well understood. Including further levels of complexity, such as nutrient interference, grazing and climate, will extend this ecosystem-based view of in situ allelopathy.
Introduction
Most of the world's lakes are small and shallow (Wetzel, 1990) , and many of them display two strongly contrasting states: a clear state dominated by aquatic vegetation, and a turbid state characterised by a high phytoplankton biomass. These states represent alternative equilibria due to stabilising mechanisms that tend to keep the system in either the vegetation dominated or the phytoplankton-dominated state. Shifts between these equilibria are generally abrupt and difficult to reverse (Scheffer, Hosper, Meijer, Moss, & Jeppesen, 1993) . A loss of submerged vegetation and a switch to the turbid state have often been documented in temperate shallow lakes in response to eutrophication (Blindow, 1992; Ko¨rner, 2002; Sand-Jensen, Riis, Vestergaard, & Larsen, 2000) . Both shading by phytoplankton and/or epiphyton (attached algae growing on the plants' surfaces) seem to be responsible for the disappearance of submerged macrophytes. Phillips, Eminson, and Moss (1978) already argued that a nutrient-mediated increase in the density of epiphyton rather than an increase of phytoplankton is the most important factor for the loss of submerged macrophytes. The detrimental role of epiphyton (Jones & Sayer, 2003) may be due to competition for light and carbon dioxide (Jones, Eaton, & Hardwick, 2000) . Reduced macrophyte growth then results in less negative effects on phytoplankton and ultimately in turbid conditions.
The negative effect of submerged macrophytes on phytoplankton may depend on various mechanisms: provision of refuge for phytoplankton-grazing zooplankton against predation by planktivorous fish, reduced nutrient availability, increased sinking losses, reduced light availability, and the release of allelopathically active substances (Scheffer et al., 1993) . The latter is subject of much debate because final proof for allelopathy in situ is difficult or even inaccessible (Gross, Hilt, Lombardo, & Mulderij, 2007) . Several authors independently suggested a possible involvement of allelopathy behind observed phytoplankton patterns in whole-lake studies of vegetated, shallow lakes (Blindow et al., 2002; Lombardo, 2005; Mjelde & Faafeng, 1997) . However, none could provide any evidence in favour of or against allelopathy, and the debate on the role of allelopathy at ecosystem level remains open.
We reviewed the available literature in order to assess the ability of submerged macrophytes to significantly suppress phytoplankton growth through the production and release of allelopathically active substances and the possible prevalence of this mechanism in eutrophic shallow lakes. The major focus is on community and ecosystem level effects. We specifically address the following questions:
(1) Which submerged macrophyte species exhibit allelopathic activity against phytoplankton, how frequent do they occur in shallow lakes and what macrophyte coverage is required for an effective phytoplankton inhibition? (2) Are allelopathically active substances produced and released by aquatic macrophytes in sufficient quantity? (3) Are the relevant phytoplankton (and epiphyton) species significantly inhibited by these substances? (4) Which environmental factors may influence the allelopathic interference between submerged macrophytes and algae or cyanobacteria?
Allelopathically active submerged macrophytes in shallow lakes
Active species
Allelopathic effects of submerged macrophytes on phytoplankton have been shown for at least 37 species (Mulderij, 2006) . Studies directly comparing the activity of submerged macrophytes against phytoplankton are, however, scarce. Ranking of macrophytes according to their allelopathic activity depends on the tested phytoplankton species (Nakai, Inoue, Hosomi, & Murakami, 1999) and the concentration of the extracts (Elakovich & Wooten, 1995) . Differences of two orders of magnitude between the allelopathic activities of different macrophyte species were reported (Gross, 1995) . In general, there are apparently a number of very active species in temperate regions such as Eurasian watermilfoil (Myriophyllum spicatum) and rigid hornwort (Ceratophyllum demersum), species with a medium activity (i.e., Elodea or Chara species), and species that exert little or no allelopathic activity such as most pondweeds (Table 1 ). This table is based on a wide array of different studies, mostly using different bioassay systems and culture conditions for both macrophytes and phytoplankton or epiphytes. Therefore, this provisional ranking will certainly change with more information, e.g., on the impact of resources both on the macrophyte and the target algae or cyanobacteria. At present, it is mainly based on few studies, which compare several macrophytes using comparable bioassay systems.
Frequency of occurrence in shallow eutrophic lakes
Submerged macrophytes with a significant, laboratory proven allelopathic effect on phytoplankton should have an advantage over inactive species, which may be quantified as their percentage of occurrence in shallow eutrophic lakes. M. spicatum, C. demersum, Elodea spp., Najas marina and certain Chara species indeed often are among the 10 most common submerged macrophytes in lakes in Germany, Denmark, The Netherlands and Ireland (Table 2) . Allelopathically active submerged macrophytes were present in 65% of 212 shallow lakes (mean depth p5 m) in Mecklenburg-Western Pomerania (data from Leske, Berg, Kabus, & Ta¨uscher, 2005) . The proportion of lakes containing any of those species increased with species richness and reached 100% at seven or more species (Fig. 1) . Allelopathically active species represented 27-52% of all species present (Fig. 1 ), thus were more frequent (in terms of numbers) than their numerical proportion (21%) of 19 active species among 89 species in total. No significant correlation was found between the percentage of allelopathically active species and the total species number, lake size or mean depth.
Sago pondweed (Potamogeton pectinatus) is a species with a high abundance (Table 2) despite low allelopathic activity. This species often remains in lakes even during hypertrophic periods (Ko¨rner, 2001; Ozimek, Prejs, & Prejs, 1986) , and often expands first during re-oligotrophication (Ko¨hler et al., 2005) . Alternative strategies to escape local extinction in turbid waters include canopy forming, i.e., most of the biomass is located directly under the water surface and fast elongation in spring due to carbohydrate storage in tubers (Van Wijk, 1988) . These strategies, however, are not exclusive of this species and are also used by allelopathically active species, such as C. demersum (Best & Meulemans, 1979) . Lombardo, Mjelde, Ka¨llqvist, and Brettum (unpublished) argued that laboratory-observed close-range allelopathic effects by C. demersum and, to a lesser extent, Elodea canadensis, were replaced by other strategies at the macrophyte-bed scale, including early growth onset in such species. The differential impact of allelopathy versus competition for light for the macrophytes Chara spp. and Stratiotes aloides has been modelled recently (Mulderij, Van Nes, & Van Donk, 2007) . Further in situ studies and modelling may help determining the relative contribution of each individual strategy including allelopathy to the successful survival of certain macrophyte species under eutrophic conditions.
Macrophyte cover required for effective phytoplankton inhibition
Negative effects of macrophytes on phytoplankton growth have been reported for macrophyte coverage values between 3% and 100% (Table 3 ). The relative importance of the different potential mechanisms for phytoplankton biomass reduction is likely to depend on climate, lake size and depth, plant community composition and density and nutrient concentrations (Jeppesen, Jensen, Søndergaard, & Lauridsen, 1999; Moss, Madgwick, & Phillips, 1997) . Although not proven, a potential impact of allelopathy was considered in lakes with high macrophyte coverage values (Table 3) . In laboratory macrophyte-phytoplankton coexistence experiments, significant allelopathic effects on phytoplankton were reported for macrophyte biomass densities between 1 and 10 g wet weight L À1 (; Ko¨rner & Nicklisch, 2002; Nakai et al., 1999) , which refers to a biomass of approximately 80-800 g dry weight m À2 in 1 m deep water. The biomass of submerged macrophytes in shallow eutrophic lakes can easily exceed these values. Standing crops of up to 1150 g dry weight m À2 are reported for the allelopathically active species M. spicatum (Grace & Wetzel, 1978) .
Production and exudation of active substances in submerged macrophytes
Total content of active substances Although a number of allelopathically active substances were found in different macrophytes (Gross, 2003a) , most are still unidentified (Table 1) . M. spicatum, the best investigated species, contains up to 30% polyphenols based on dry weight and up to 6% of the major algicidal tellimagrandin II in apical meristems, the plant parts with highest polyphenol concentrations (Gross, Meyer, & Schilling, 1996; Gross, unpublished results) . Different seasonal patterns of polyphenol concentrations were found in M. spicatum, either high concentrations in summer in Lower Lake Constance (Gross, unpublished results) or stable concentrations throughout the season in small shallow experimental ponds (Gross, 2000) . Tissue concentrations and excretion rates of polyphenolic compounds in Myriophyllum verticillatum from a shallow dystrophic lake were highest in spring (Hilt, Ghobrial, & Gross, 2006) . A high concentration of allelopathically active compounds in spring and early summer appears reasonable for rooted submerged plants as competition for light with phytoplankton is strongest at that time.
A more complex pattern, however, might arise when these compounds have further ecological activity averting abiotic or biotic stressors. Herbivory on M. spicatum apical meristems, which contain the highest concentrations of allelopathically active hydrolysable polyphenols, should severely hamper the negative impact on phytoplankton (Choi, Bareiss, Walenciak, & Gross, 2002) . The same polyphenols exert some antimicrobial activity (Walenciak, Zwisler, & Gross, 2002) , although other microbes are capable of their degradation (Mu¨ller, Hempel, Philipp, & Gross, 2007) . Light and UV light stress or nutrient limitations (see below) also affect secondary metabolites, among them allelopathically active polyphenols in M. spicatum (Gross, 2003b) . It is not uncommon that plant secondary metabolites have multiple functions, which results in reduced costs for production and maintenance of these allelochemicals for the plant. Given the spatial and temporal variability of all biotic and abiotic factors, i.e., herbivory or resource interference, it is clear that no simple and general seasonal pattern of allelopathy can be expected.
Effects of resource availability
The carbon-nutrient balance hypothesis (CNBH; Bryant, Chapin, & Klein, 1983) predicting that the concentration of defensive compounds depends on the availability of nitrogen and light has been vigorously debated over the past years (Stamp, 2003 ). Gross Lauridsen et al. (1996) (2003b) showed a distinct difference between the reaction of total phenolic compounds and tellimagrandin II in M. spicatum towards different light and nitrogen levels, indicating that the CNBH is not universally true for all phenolic compounds. Nitrogen availability did not influence the total contents of polyphenols whereas tellimagrandin II concentrations in M. spicatum increased at low nitrogen concentrations (Gross, 2003b) . In M. verticillatum, low phosphorus concentrations correlated with high total polyphenol concentrations (Bauer, Blaschke, Gross, & Hilt, unpublished) . In M. spicatum and M. verticillatum, sunexposed shoots and especially apical meristems had higher concentrations of total phenolic compounds than shade-adapted plants (Choi et al., 2002; Bauer et al., unpublished) . Accumulation of polyphenols during clear-water phases and profiting from these substances under turbid conditions might be an adaptive strategy of submerged macrophytes, but this scenario strongly depends on presently unknown turnover rates of polyphenols. Apparently, tellimagrandin II, in contrast to the pool of polyphenols, is also produced at high concentrations under low light conditions (Gross, 2003b) . Overall, the assessment of light and nutrient effects on the variability of allelochemicals in submerged macrophytes requires deeper insights into their biosynthetic pathways and hierarchical levels (see below).
Stability of exuded allelochemicals
Allelopathically active substances are, after exudation, subjected to fast biotic (bacterial degradation) and/ or abiotic (light, oxygen; Appel, 1993) transformations. Photolytic processes contribute to changes of the allelopathic properties of macrophyte exudates, as photooxidation of organic material seems to be ubiquitous for all types of dissolved organic matter (Farjalla, Anesio, Bertilsson, & Graneli, 2001; Graneli, Lindell, & Tranvik, 1996) . Yet, nothing is known about macrophyte allelochemicals. Many studies use axenic organisms to avoid bacterial metabolisation, because the presence of bacteria might cause a loss or change of the inhibitory activity of macrophyte exudates (Gross, 2003a; Gross et al., 1996; Nakai et al., 1999) . When comparing the effect of tannic acid (TA), a hydrolysable polyphenol, on algae with or without bacteria, the inhibition decreased when bacteria were present (Bauer, Grossart, & Hilt, unpublished) . Pre-treatment of the natural bacterial community with TA resulted in a change of the natural bacterial community towards potentially TA-resistant or metabolising bacteria (Bauer et al., unpublished) . Specific polyphenol-degrading bacteria, as recently isolated from M. spicatum, may have a strong impact on the inhibitory effect of the macrophyte exudates (Mu¨ller et al., 2007) .
Inhibition of phytoplankton and epiphytes
Proof of in vitro and in situ allelopathic activity Proving allelopathic effects of macrophytes on phytoplankton in an ecologically meaningful way is not easy. Experimental approaches mainly comprise the use of plant extracts, exudates or purified compounds and coexistence experiments or dialysis bag experiments at laboratory to field scale. None of these approaches per se addresses all of Willis' (1985) pre-requisites to prove allelopathy . One of the main problems is the in situ interference of allelopathy and nutrient competition, and it seems that separating both is not realistic (see above and Inderjit & Del Moral, 1997) . Lombardo et al. (unpublished) found that the observed inhibitory action on suspended algae in laboratory coexistence experiments may have been strongly influenced by nutrients. As a consequence, extracts or purified compounds are mostly used, although they least reflect the real conditions in lakes (Fig. 2) . Final proof of allelopathy in situ requires a combination of experimental approaches from lab scale to ecosystem level, considering light and nutrient interference as well as grazing on both plants and algae.
Species-specific sensitivity to allelochemicals
Phytoplankton species often exhibit differential sensitivity against macrophytes allelochemicals (Gross, Erhard, & Ivanyi, 2003; Jasser, 1995; Ko¨rner & Nicklisch, 2002; Mulderij, Mooij, Smolders, & Van Donk, 2005) . When pooling all available literature data on planktonic and epiphytic species (Hilt, 2006; Hilt et al., 2006; Mulderij, Mooij, Smolders, et al., 2005; Mulderij, Mau, et al., 2007) , diatoms and cyanobacteria are often significantly inhibited by allelochemicals of submerged macrophytes, whereas chlorophytes appear less sensitive (Fig. 3) . A stronger allelopathic effect on diatoms and Fig. 2 . Number of studies on the allelopathic effect of submerged macrophytes on algae and cyanobacteria using different methods (see Gross et al., 2007) . The increasing degree of realism has been deduced from ecological theory and ecological concepts. cyanobacteria seems ecologically more reasonable because these groups are typically more abundant than chlorophytes in shallow lakes at total phosphorus (TP) concentrations below 100 mg L À1 (Jeppesen et al., 2005) . Long-term stability of the macrophyte-dominated state can only be expected below a critical nutrient level, which has been suggested at 80-150 mg TP L À1 , depending on lake size and depth (Jeppesen et al., 1990) . Remarkably, the sensitivity of cryptophytes and chrysophytes, present in higher abundance in shallow lakes after restoration measurements (Jeppesen et al., 2005) has not been studied in detail yet. Mjelde, Brettum, Lombardo, and Ptacnik (unpublished) have found that for a set of 19 meso-eutrophic shallow lakes in Norway, some dominated by the allelopathically active species C. demersum or E. canadensis, others unvegetated, cryptophyte and chrysophyte abundance patterns did not differ, indicating a low sensitivity towards macrophyte allelochemicals.
Among cyanobacteria, a higher sensitivity of members of the Oscillatoriales (Ko¨rner & Nicklisch, 2002) and of toxic Microcystis strains as compared to nontoxic (Mulderij, Mooij, Smolders, et al., 2005) was found. For Microcystis, differences in sensitivity have been attributed to differences in the attached microbial biofilm (Casamatta & Wickstrom, 2000) or energy allocation (Mulderij, 2006) . Further mechanisms might be differences in cell wall properties, uptake mechanisms or lower sensitivity of target physiological processes (e.g., photosynthesis, exoenzymes). Thus an expansion of allelopathic studies not only towards community or ecosystem level but also towards a better understanding of genetic and physiological constraints would be helpful in explaining patterns. The differential sensitivity of phytoplankton species or even strains against macrophyte allelochemicals might be yet a neglected factor contributing to phytoplankton succession patterns.
Epiphytes versus phytoplankton
Epiphyton density might be one of the key triggers of switches between alternative stable states in shallow lakes. Epiphytic algae and cyanobacteria are potentially the primary target of allelopathically active compounds of submerged plants as they live adjacent to the donor and their contribution to the reduction of light reaching the plant often exceeds that of phytoplankton (Roberts, Kroker, Ko¨rner, & Nicklisch, 2003) . On the other hand, common epiphytic species might have developed resistance against allelochemicals from submerged plants in the same habitat by co-evolution (Reigosa, SanchezMoreiras, & Gonzalez, 1999) . Only a few studies tested the influence of macrophytes or allelopathic substances on epiphytic and planktonic algae using the same method (Erhard & Gross, 2006; Gross, 1995; Hilt, 2006; Nakai et al., 1999; Wium-Andersen, Anthoni, Christophersen, & Houen, 1982) . Epiphytic algae, even species closely related to suspended phytoplankton species, were always less sensitive than planktonic species, or were not inhibited at all. The lower vulnerability of epiphytes to allelochemicals is supported by a literature survey (Hilt, 2006; Hilt et al., 2006; Mulderij, Mooij, Smolders, et al., 2005; Mulderij, Mau, et al., 2007) . More planktonic than epiphytic species were significantly inhibited, according to the analysis of the reaction of species from both groups towards macrophyte allelochemicals by a 2 Â 2 w 2 -test; po0.05 (Fig. 4) . Final proof for this difference, however, requires further studies, e.g., comparing the sensitivity of epiphytic species originating from submerged macrophytes with different allelopathic activity, or comparing epiphytes from different habitats.
Impact of resources on phytoplankton sensitivity to macrophyte allelochemicals
Resource availability does not only influence the production and release of allelochemicals but also the sensitivity of phytoplankton. Allelopathic interactions should be enhanced under stress, e.g., nutrient limitation (Reigosa et al., 1999) . The inhibition of extracellular alkaline phosphatase (APA) has been proposed as one mode of action of allelopathically active polyphenols (Gross et al., 1996) . APA is produced by many algae and cyanobacteria during periods of inorganic phosphate limitation, even occurring in eutrophic shallow lakes during summer (Vrba, Komarkova, & Vyhnalek, 1993) . Phytoplankton of eutrophic shallow lakes may therefore be especially sensitive against allelopathic polyphenols during periods of phosphate limitation. Submerged macrophytes and their epiphyton leak phosphorus mostly during decomposition (Carignan & Kalff, 1982; Smith & Adams, 1986) , but potentially also when alive Fig. 3 . Frequency of studies indicating inhibition (or lack thereof) exerted by submerged macrophytes on different phytoplankton groups (data from Hilt, 2006; Hilt et al., 2006; Mulderij, Mau, et al., 2007) . Total case numbers are given at the base of the bars. and healthy (Lombardo & Cooke, 2003; Pomogyi, Best, Dassen, & Boon, 1984) . A combined effect of allelochemicals and phosphorus leakage was supposed to explain lower allelopathic effects of M. verticillatum on two cyanobacteria under phosphorus deficiency (Hilt, 2006; Hilt et al., 2006) . In situ, probably both, net inhibition or enhancement of the phytoplankton growth in plant stands may occur depending on the ratio between the release of allelochemicals and phosphates by the macrophytes.
Conclusions
Allelopathy can contribute to the stabilisation of clear-water states in shallow lakes, when proven allelopathically active species such as Myriophyllum, Ceratophyllum, Elodea, Najas or certain Characeae dominate the submerged vegetation, and when phytoplankton growth is the main reason for turbid conditions. Allelopathically induced growth inhibition of phytoplankton can occur when macrophytes infest a large part of the lake volume, when within patches plant density is high (4100 g dry mass m À2 ) and when sensitive species such as diatoms and cyanobacteria dominate the phytoplankton. Whether additional stress such as phosphorus limitation will result in a stronger inhibition of phytoplankton due to inhibition of APA or if this effect is mediated by phosphorus leakage from the plants has to be explored in further experiments. Epiphytes appear less sensitive to macrophyte allelochemicals, and their shading can contribute significantly to submerged macrophyte loss with increasing nutrient concentrations.
We need more information on the identity and amount of allelopathically active compounds, and factors influencing their production by and release from macrophytes. Since apparently only a continuous release of allelochemicals affects phytoplankton species, we need more information about bacterial and photolytic degradation of allelochemicals. The differential sensitivity of phytoplankton functional groups and species against active substances has implications for the density and composition of the phytoplankton community in lakes dominated by allelopathically active macrophytes. Despite many open questions, existing knowledge indicates in situ relevance of allelopathy in the alternating stable states in shallow eutrophic lakes. Combined studies addressing various levels of complexity are required for further proof. Hilt, 2006; Hilt et al., 2006; Mulderij, Mau, et al., 2007) . Total case numbers are given at the base of the bars.
